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ABSTRACT
The 511 keV positron annhilation emission from the Galactic bulge has yet
to solely be attributed to any astrophysical source of positrons. The 511 keV line,
characteristic of electron-positron annihilation, was discovered in 1970 by Johnson
and Haymes [1973] almost 40 years ago. Most recently the INTERnational Gamma-
Ray Astrophysical Laboratory (INTEGRAL) [Kno¨dlseder 1997] has measured the
annihilation rates of both components of the Galaxy. The bulge and disk annihila-
tion rates are (1.5 ± 0.1) × 1043 e+ s−1 and (0.3 ± 0.2) × 1043 e+ s−1, respectively.
The ratio of the bulge rate to that of the disk ranges from 3–9.
Many astrophysical galactic sources have been proposed to be the source
of positrons. The proposed sources are massive stars including core collapse su-
pernovae, Wolf-Rayet stars, and gamma ray bursts, cosmic rays, compact objects
like X-ray binaries, light dark matter, and thermonuclear supernovae (SNIa). Some
sources are known to produce positrons while others, such as light dark matter, are
theorized to produce positrons. Many of these sources exist in the bulge and disk
of the Milky Way. We examine each source and eliminate many as the source of
the Galactic 511 keV positron annihilation emission because they do not exhibit the
morphology of the emission. The 511 keV is located at the Galactic center and the
emission from the bulge is ∼ 3 times larger than in the disk.
We look at SNIa as the source of the 511 keV emission. SNIa are estimated
to have a positron escape yield of 8 × 1052 e+ SN−1 and are associated with old
stellar populations similar to the Galactic bulge. However, the calculations show
that SNIa cannot be the source of the positron annihilation emission because more
emission comes from the disk. Although, it is now a fact that SNIa are not ”standard
candles”. It is plausible that supernovae of different luminosities, the SNIa sub-class
of subluminous or overluminous, may produce different amounts of positrons and/or
have different positron escape yields. We look into subluminous SNIa as the source of
positrons and conclude that subluminous supernovae cannot have a positron escape
yield to match INTEGRAL observations of 1.5× 1043 e+ s−1.
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CHAPTER 1
INTRODUCTION: MORPHOLOGY OF 511 keV EMISSION
1.1 Introduction
The spatial morphology of the 511 keV galactic positron annihilation emis-
sion has yet to be associated with particular astrophysical production sources.
Sources include massive stars such as core collapse supernovae, pulsars, and Wolf-
Rayet stars; cosmic ray interactions with interstellar gas; compact objects housing
neutron stars or black holes; light dark matter; novae; and thermonuclear super-
novae (SNIa) [Kno¨dlseder et al. 2005]. Our objective is to approach each potential
511 keV emission source separately and study how their positron production will
contribute to the positron annihilation emission in both the Galactic bulge and disk.
The candidate for the source of galactic positrons explored in detail in this thesis is
thermonuclear supernovae.
The 511 keV emission comes from the annihilation of an electron with its
antimatter particle the positron. Positrons are produced by pair production and
nuclear decay processes. The energetic positrons then slow by multiple interactions
to thermal energies, at which point the majority form positronium atoms and an-
nihilate. The electron and positron can directly annihilate resulting in two photons
of equal energy at 511 keV (mec2 where me is the mass of the electron/positron).
Photons are also created when a positron annihilates after forming Positronium.
Positronium is the bound state of a positron and electron. It can form in two
states: the singlet state called parapositronium or the triplet state, orthopositro-
nium. Parapositronium is formed when the spin of the positron and electron are
antiparallel and has a lifetime of τ = 1.25 × 10−10s. When the particles annihilate
they will make two photons each of 511 keV in the rest frame of the pair. Or-
thopositronium is formed when the spins of the electron and positron are parallel.
This configuration has a lifetime of τ = 1.4 × 10−7s and will annihilate into three
photons of energy ≤ 511 keV whose total energy is equal to 2×511 keV. The triplet
state photon energy spectrum is generally called the Positronium continuum.
The 511 keV galactic positron annihilation emission is more prominent in
the region of the Galactic center than any where else along the Galactic plane. The
Oriented Scintillation Spectrometer Experiment (OSSE) onboard the NASA Comp-
ton Gamma-Ray Observatory (CGRO) made the first measurements of the Galactic
511 keV emission spatial morphology and showed a maximum surface brightness
in the central bulge [Purcell et al. 1993]. The International Gamma-Ray Astro-
physics Laboratory (INTEGRAL) conducted a more detailed survey of the 511 keV
emission, finding a bright Galactic bulge and a weak disk [Kno¨dlseder et al. 2005].
The measurements of the 511 keV emission morphology establish that one
criteria for possible sources is that the source population(s) must exhibit a bulge
to disk ratio comparable to the 511 keV annihilation emission bulge to disk ratio
(B/D). Therefore, sources of positrons must be either more abundant in the bulge
than in the disk of the Galaxy or, produce positrons more efficiently in the bulge
than the disk. Since the bulge is believed to be made of an older stellar population
(compared to the disk) then another criteria should be that the main positron source
population must also be associated with old stellar populations. Furthermore, the
source population must of course produce positrons. The observed positron-electron
annihilation rate from the bulge is N˙e+ = 1.5× 1043e+s−1 [Kno¨dlseder et al. 2005].
The source population must produce large quantities of positrons in order to match
this observation.
SNIa are a plausible positron source population due to the number of positrons
they produce. Out of 2.5× 1054 positrons produced per SNIa event via the decay of
the radioisotope 56Co, a yield of 8×1052 positrons were found to escape the ejecta of
the supernovae to annihilate in the circumstellar medium [Milne et al. 1999]. Also,
SNIa are typically associated with old stellar populations.
The Galactic bulge and disk component positron annihilation rates for a
SNIa positron source population are calculated using the positron escape yield and
the SNIa rates for each Galactic component. However, the SNIa rate of the Galaxy
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is poorly known due to the small statistics of supernovae events in the Galaxy. SNIa
rates can be inferred from other galaxies similar to the Milky Way. We make the
approximations that the galactic bulge is like an elliptical galaxy (comprised of older
red stars) and that the disk is like a spiral galaxy (containing young blue stars).
However, Matteucci et al. [2006] has suggested that two types of populations
of SNIa progenitors may exist along the Hubble sequence from early type elliptical
galaxies to late type spiral galaxies. Different SNIa progenitor systems may produce
different yields of positrons. To examine whether there is a difference in SNIa along
the Hubble sequence, we look for a trend in SNIa brightness from early to late type
galaxies. The distinctive parameter is the decline rate ∆m15B , the decline in mag-
nitude of the B-band SNIa light curve 15 days after peak magnitude. The ∆m15B
correlates with the peak brightness of SNIa [Phillips 1993]. A small ∆m15B value
indicates the light curve does not decline quickly, which means the supernovae was
very bright. After the supernova peak brightness the light curve is shaped by the
decay of 56Ni. If the peak of the light curve is broad this means a bright supernova
produces more 56Ni than a subluminous supernova. A superluminous supernova
may produce more positrons than a subluminous supernova since the 56Ni decays
into 56Co, which produces positrons. Yet, even though a superluminous supernova
may produce more positrons than subluminous, the positron escape yield from su-
perluminous and subluminous specifically has not been studied. The positrons must
escape the supernova ejecta and annihilate in the ISM to be part of the Galactic
511 kev emission. Therefore, the brightness of a supernova may be the key to its
positron production and escape.
1.2 History
Johnson and Haymes from the Rice University Gamma Ray Astronomy
Group are credited with the discovery of the 511 keV positron annihilation emission
from the galactic center [Johnson and Haymes 1973]. Their balloon borne gamma
ray detector was launched in 1970 and measured a spectral feature at 476 ± 24
3
keV. They speculated that the line feature was the 511 keV emission from electron-
positron annihilation even though their 1σ uncertainty in the measurement did not
include 511 keV. Later measurements by Leventhal et al. [1978] established the
positron annihilation hypothesis by confirming that the feature was centered on 511
keV.
Motivation for detecting cosmic gamma-rays came from the prediction of
cosmic processes that produce gamma radiation. Feenberg and Primakoff [1948]
concluded that gamma rays are produced from collisions between thermal photons
and primary cosmic ray particles. Hayakawa [1952] predicted diffuse gamma-ray
emission from the decay of neutral pions, pi0 → 2γ, which are produced by interac-
tions of cosmic rays with interstellar matter. Hutchinson [1952] predicted gamma-
rays from cosmic ray bremsstrahlung. Gamma rays were also predicted to come from
astrophysical objects by means of nuclear processes [Burbidge et al. 1957; Morrison
1958].
The first detection of the 511 keV line emission by Johnson and Haymes
was suceeded by the launch of other detectors designed to measure the gamma
ray universe. A few notable observatories are summarized and Table 1.1 gives the
timeline of events.
The High Energy Astrophysical Observatory (HEAO-3), a satellite with
germanium detectors, launched in 1979. It made two measurements of the 511
keV flux in the Galactic center region. In 1979 it measured a narrow line flux of
1.85× 10−3 photons cm−2 s−1 centered at 510.9 keV with width 3.13 keV. Then in
1980 it measured a flux of 0.65×10−3 photons cm−2 s−1. Riegler et al. [1981] noted
that the flux was variable suggesting that the emission was from a point source.
The Gamma Ray Spectrometer (GRS) on the Solar Maximum Mission (SMM)
consisted of an array of seven NaI detectors launched in 1980. Share et al. [1988]
measured a flux from the central Galaxy of 2× 10−3 photons cm−2 s−1. They con-
cluded that the annihilation emission was a diffuse distribution and that a variable
source at the Galactic center was unlikely.
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The Gamma Ray Imaging Spectrometer (GRIS) was a high-resolution bal-
loon borne germanium detector flown twice in 1988. Gehrels et al. [1991] measured
a flux of 1.2 × 10−3 photons cm−2 s−1 narrowly concentrated toward the Galactic
center. The positron annihilation line was spectroscopically resolved with a width
of 3 keV with the centroid at 511 keV .
The Transient Gamma-Ray Spectrometer (TGRS) was launched in 1994. It
measured a narrow line flux with centroid at 510.8 keV and width of 2.6 keV and
flux from the Galactic center region of 1.36 × 10−3 photons cm−2 s−1. The data
suggested a point source but could not rule out a diffuse distributed source. There
was no evidence of varibility [Teegarden et al. 1996; Harris et al. 1998].
1.3 Morphology
The Oriented Scintillation Spectrometer Experiment (OSSE) was the first to
map both the morphology of the 511 keV emission and the positronium continuum
fluxes [Purcell et al. 1993]. The satellite was launched in 1991 and measured a
symmetric non-variable distribution sharply peaked at the Galactic center. The
data were consistent with a two component spatial distribution model of a Galactic
bulge and symmetric Galactic disk producing emission up to l = ±20◦.
Purcell et al. [1997] modeled the 511 keV distribution by separate com-
ponents. The Galactic plane was modeled by a flat top ridge distribution with
a Gaussian profile in latitude. The Galactic bulge was modeled by a two di-
mensional circular Gaussian. Using only OSSE data the flux from the bulge was
3.5× 10−4 photons cm−2 s−1 and from the disk 8.9× 10−4 photons cm−2 s−1. The
combination of OSSE, TGRS, and SMM data was also modeled with results of
the flux from the bulge 3.3 × 10−4 photons cm−2 s−1 and from the disk 11.5 ×
10−4 photons cm−2 s−1. See Figure 1.1 for the map of the 511 keV emission from
Purcell et al. [1997].
Milne et al. [2000] also used two separate components when modeling the 511
keV positron annihilation emission using combined OSSE, TGRS, and SMM data,
but used more OSSE data since the publication of Purcell et al. [1997]. The Galactic
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bulge component was modeled by either a Galactic center point source, a Gaussian,
or a projection of a truncated R1/4 radial function [Milne et al. 2000]. The 28 disk
models are in order of increasing disk thickness of Gaussian latitude profile FWHM
ranging from 2◦ − 22◦. Each bulge and disk component model combination were
tested. The Galactic center source model did not fit the data, thus showing that an
extended bulge model is optimal. The R1/4 bulge model fits the data better when
paired with a thin disk and the Gaussian with a thick disk. The R1/4 favors the
thin disk because the function possesses ”wings” that extend beyond the Gaussian
model and beyond the Galactic center. The Gaussian model requires a thick disk to
explain the data because the Gaussian model is not as extended as R1/4. Therefore,
since the R1/4 model is bulge-dominated the bulge to disk flux ratio will be larger
than ratio of the disk-dominated Gaussian bulge model. The bulge to disk ratio of
the flux ranged from 0.2−3.3. One can see that the B/D ratio is dependent on how
the Galactic component emission is modeled [Milne et al. 2000]. The Galactic 511
keV emission modeled by Milne [2006] can be seen in Figure 1.2
SPI, the spectrometer aboard INTEGRAL (launched in 2002) was designed
to study the 511 keV line emission and conducted a more detailed survey that
indicated significant emission toward the Galactic bulge and a weak disk. The IN-
TEGRAL data was also modeled by Kno¨dlseder et al. [2005] using separate Galactic
components. The bulge component was tested using triaxial stellar bar models where
the parameters of bar radius and scale height are allowed to vary. The disk emission
was too faint to conclude anything about its morphology (Figure 1.3). For the disk
component two models were tested, a young and old stellar population model with
scale heights of 70 pc and 200 pc, respectivley.
The INTEGRAL flux from the bulge is 1.05±0.06×10−3 photons cm−2 s−1
and from the disk .7 ± 0.4 × 10−3 photons cm−2 s−1. The B/D flux ratio ranges
between 1−3. The INTEGRAL flux is also model dependent. The disk emission was
not well constrained it resulted in a bulge dominated flux. Kno¨dlseder et al. [2005]
also calculated the 511 keV photon rate for each Galactic component, the bulge rate
is 0.90± 0.06× 1043 photons s−1 and the disk rate is 0.2± 0.1× 1043 photons s−1,
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with a B/D 511 keV photon ratio of 3–9. If positrons annihilate where they are
created, then the positron source population should exhibit a similar B/D ratio.
When considering whether a source of positrons is plausible the ratio of the source
distribution should have a higher concentration in the bulge than in the disk.
Considering the fraction of positrons that annihilate via positronium, fPs,
the 511 keV photon rate is related to the positron-electron annihilation rate through
N˙511 =
[
1
4
(2fPs) + 2(1− fPs)
]
N˙e+ (1.1)
The first term is the annihilation through the singlet state of positronium and the
second term is the fraction of positrons that directly annihilate. Kno¨dlseder et al.
[2005] used fPs = 0.93 ± 0.04 to convert the 511 keV photon rate to the positron
annihilation rate.
N˙e+ = (1.64± 0.06) N˙511 (1.2)
The calculated positron annihilation rate for the bulge is 1.50± 0.10× 1043 s−1 and
the disk annihilation rate is 0.3 ± 0.2 × 1043 s−1. When calculating the positron
annihilation rate from potential sources we compare our results with these numbers
7
511 keV Gamma Ray Timeline
Predictions
1948 Feenburg and Primakoff calculated collisions between thermal
photons and primary cosmic ray particles.
1952 Hayakawa researched the production of pions from cosmic ray
spallation. Neutral pions decay into two 6.5MeV gamma rays.
1957 Burbidge, Burbidge, Fowler, and Hoyle predicted gamma-rays
from nuclear processes.
1958 Morrison identified gamma-ray emission processes and possible
sources for gamma-rays.
Discovery
1970 Johnson and Haymes discovered the 511 keV line from the
Galactic center.
1978 Leventhal et al. Confirmed the 511 keV is from positron anni-
hilation.
Observations
1979-1980 HEAO-3, High Energy Astrophysical Observatory, [Riegler
et al. 1985]
1981-1990 GRS [SMM], Gamma Ray Spectrometer on the Solar Maximum
Mission [Share et al. 1988]
1991 GRIS, [Gehrels et al. 1991]
1994 TGRS [WIND], [Teegarden et al. 1996]
1991-2000 OSSE [CGRO], Oriented Scintillation Spectrometer Experi-
ment on the Compton Gamma Ray Observatory[Purcell et al.
1993]
2002 SPI [INTEGRAL], Spectrometer on INTEGRAL, the Interna-
tional Gamma Ray Astrophysical Laboratory [Kno¨dlseder et al.
2005]
Table 1.1 Timeline of history of positron annihilation research.
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Figure 1.1 The map of the flux of the Galactic 511 keV positron annihilation
emission from Purcell et al. [1997]. Contours are exponentially spaced.
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Figure 1.2 The map of the Galactic 511 keV positron annihilation emission from
Milne [2006].
10
Figure 1.3 The map of the intensity of the Galactic 511 keV positron annihilation
emission from Knodlseder [2005]. Contour levels show 10−2, 10−3, 10−4 photons
cm−2 s−1 sr−1.
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CHAPTER 2
OBSERVATIONS OF THE GALACTIC 511keV EMISSION -
CONSTRAINING SOURCES
The Galactic 511 keV positron annihilation emission morphology has been
measured and mapped by many different gamma-ray observatories as discussed in
Chapter 1. This chapter continues the odyssey of positrons from annihilation to
source. The first section outlines the fate of positrons through the annihilation
process. The second section will summarize the possible sources of the Galactic
positrons that produce the 511 keV positron annihilation emission.
2.1 Positron Interactions
Before a positron annihilates with its antiparticle it will slow down by
Coulomb interactions with the surrounding medium. The energy loss processes that
predominantly occur are through plasma waves in an ionized medium and excitation
or ionzation in a neutral medium [Guessoum et al. 2005]. A fraction of the positrons
will form positronium in-flight by charge exchange before fully thermalizing. After
thermalization the positron can annihilate directly with a free electron, annihilate
with an electron that is bound in the hydrogen atom, radiatively combine with an
electron to form positronium, or charge exchange with an atom or molecule to also
from positronium. Both direct annihilation with a free electron or with a bound
electron will create two photons of 511 keV each. Charge exchange and radiative
combination with an electron form positronium which can form in two different
states, either annihilating with two photons equal to 511 keV each or three photons
of equal or lesser value to 511 keV. See Figure 2.1 for a schematic of the process
[Guessoum et al. 1991].
Figure 2.1 Guessoum et al. [1991] schematic diagram of the positron odyssey
annihilation processes. The positron starts with some initial energy, loses energy,
and a fraction will annihilate in-flight via charge exchange. The others will
thermalize and annihilation via different mechanisms.
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2.1.1 Energy Losses
The type of energy loss depends on the kind of medium the positron is
injected into.
Positrons that excite plasma waves lose energy nearly continuously to the
ionized component of the medium. The loss of energy in plasma waves is due to
many small angle scatterings with electrons in the plasma. In the neutral com-
ponent of the medium positron energy loss happens principally through ionization
and excitation of atoms and molecules. The amount of energy lost by the positron
depends on the positron’s kinetic energy and the type of collision. A collision the
ionizes must overcome the binding energy of the atom or molecule. Excitation of an
atom or molecule by the positron requires the positron to be above the threshold
for excitation [Guessoum et al. 2005].
The two energy loss mechanisms can be combined to form a total energy
loss in a partially ionized medium, where there is a neutral component to which
the positron loses energy via ionization or excitation and an ionized component to
which positrons lose energy via plasma waves . Berger and Seltzer [1964] thoroughly
investigated energy losses of ionization and excitation including relativistic effects
and the energy of the electron in the interaction.
2.1.2 Positron Annihilation Mechanisms
While, going through energy losses, a fraction of positrons fPs will either
form positronium in-flight or thermalize with the ambient medium. The positron
will then annhilate directly or through positronium formation. Both processes can
occur with bound or free electrons.
Charge exchange is the interaction of a positron with an atom or molecule
that produces positronium by removing the electron from the atom or molecule. In
the reaction the atom or molecule is represented by the symbol X, which in the
ISM, can represent neutral hydrogen, H; molecular hydrogen, H2; or helium, He for
14
the annihilation of Galactic positrons.
e+ +X → Ps+X+ (2.1)
The energy of the positron must be of a certain threshold energy E for positronium to
form by charge exchange. For an electron to leave X, the positron must overcome the
binding energy Ei (ionization potential) of X minus the energy to form positronium
which has a binding energy of -6.8eV. When balancing the energy equation at the
threshold where X+ has no kinetic energy
E + Ei ≥ −6.8 eV (2.2)
E ≥ −Ei − 6.8 eV (2.3)
In the case of hydrogen where the binding energy is -13.6eV the threshold for positro-
nium formation is 6.8eV.
Radiative combination is the formation of positronium when a positron cap-
tures a free electron.
e+ + e− → Ps+ γ (2.4)
This is the same process as the hydrogen recombination seen in the ISM or that
occurred during the early universe after the Big Bang, except for the difference in
mass of the positron and the proton.
Direct Annihilation can occur with either a free electron or bound electron.
For a free electron the positron will annihilation producing two photons of equal
energy, 511 keV. The bound electron will annihilate the same way as with a free
electron but leaves an ionized atom or molecule.
e+ + e− → γ + γ (2.5)
e+ +X → γ + γ +X+ (2.6)
Guessoum et al. [2005] calculated the rates for each annihilation mechanism as a
function of the temperature of the medium (Figure 2.2).
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Figure 2.2 The positron annihilation reaction rates as a function of the
temperature of the medium from Guessoum [2005]. As the temperature increases
certain annihilation mechanisms are more probable.
At temperatures T > 106K, direct annihilation with free electrons is the
main annihilation mechanism. Below T . 5 × 103K radiative combination is the
main annihilation mechanism. Between 5 × 103 K < T < 105 K charge exchange
quickly dominates then suddenly declines because hydrogen completely ionizes at
∼ 105 K. Charge exchange depends on the number of neutral atoms, however above
105 K the charge exchange mechanism experiences a dearth in reactants. Thus,
positrons thermalize before forming positronium in-flight at temperatures higher
than 105 K.
16
2.1.3 Formation of Positronium
Positronium is formed from either charge exchange or radiative combina-
tion. The fraction of positrons fPs that form positronium in-flight through charge
exchange depends on the amount of ionized gas in a partially ionized medium. The
ionization fraction, y, is the measurement of how much of the medium is ionized.
y =
ne
ne + nH
(2.7)
ne is the number of electrons and nH is the number of neutral hydrogen atoms.
A highly ionized medium means less neutral hydrogen for the process of
charge exchange, the in-flight positronium creation mechanism. Therefore, a highly
ionized medium, a large y, will have a small fPs. In the case of Galactic positron
annihilation in the ISM, (y < 0.05) more than half of the positrons from positronium
before thermalizing. If y = 0 fPs = 95% as seen in Figure 2.3 from Guessoum et al.
[2005] which shows the fPs as a function of y.
The value of fPs changes with the temperature of the medium. At temper-
atures T < 6 × 104 K, the shape of the fPs curve varies less than 20% [Bussard
et al. 1979]. Above this temperature fPs is expected to decline due to the lack of
neutral hydrogen. Guessoum et al. [2005] compares his model of the positronium
fraction with Bussard et al. [1979] (Figure 2.3). The warm component of the ISM
has a temperature of T = 8000 K and electron density of ne = 0.1 cm3 and for
comparison the solar flare has T = 1.16 × 104 K and ne = 5 × 1013 cm−3. Jean
et al. [2006] conclude from spectral analysis that the width of the 511 keV line, the
annihilation of thermalized positrons, indicates 50% of the medium in the bulge is
warm neutral (1.16 keV) and 50% warm ionized (0.98 keV).
2.2 Sources of Positrons
The odyssey of the positron continues with a discussion of where the positrons
are likely to be produced. The observations of the 511 keV positron annihilation
emission will assist in constraining the source of the line emission. The positron
source should have a one-to-one relation with the 511 keV morphology discussed
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Figure 2.3 From Guessoum et al. [2005]. The fraction of positrons that form Ps
in-flight, fPs as a function of the ionization fraction. The separate lines are the
fPs at different temperature mediums. BRD79 is a reference to the work of
Bussard et al. [1979].
in Chapter 1. A list of proposed positron sources can be found in Kno¨dlseder
et al. [2005]: cosmic ray interactions with the interstellar medium, compact objects
housing neutron stars or black holes, stars that expel radioactive nuclei by nucle-
osynthesis such as SNIa, novae, Wolf-Rayet stars, and core collapse supernovae.
2.2.1 Massive Stars
Massive stars, such as Wolf-Rayet stars and core-collapse supernovae, create
positrons via the decay of 26Al. The 511 keV emission from the disk can partially
be explained by the decay of the radioactive isotope 26Al. 26Al has a lifetime of
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τAl = 7.17 × 105 years. The ground state of 26Al will decay by 82% positron
emission (15% electron capture) to the first excited state of 26Mg. After 0.49ps,
de-excitation will produce a gamma ray photon of 1.8MeV.
26Al→26 Mg + β+ + γ(1.8MeV ) (2.8)
The Galactic 1.8 MeV emission was mapped by COMPTEL on-board the
CGRO [Plu¨schke et al. 2001]. The spatial distribution of the 1.8 MeV emission is
along the Galactic plane. If the positrons from the decay 26Al annihilate where they
are produced then the 511 keV annihilation emission is expected to be in the disk.
The 26Al contribution to the 511 keV annihilation rate, N˙1809, can be cal-
culated using the total amount of mass of 26Al, MAl = 1.7M = 3.38 × 1033 g
[Kno¨dlseder 1997], the atomic mass of 26Al , A = 26 g mol−1, and the rate of
radioactive decay λ = 9.67× 10−7 years, 82% by positron emission.
N˙1809 = 0.82
MAl
A
NAλ = 0.2× 1043 e+ s−1 (2.9)
Where NA is Avogadro’s number, 6.022× 1023 particles per mol and λ = ln(2)/τAl.
The positrons from the decay of 26Al account for 70% of the 0.3 × 1043 e+ s−1
positrons from the disk.
Furthermore, no bulge component was observed in the map of the 1.809 MeV
photons leading to the fact that although massive stars can produce positrons they
cannot be the source that produces the 511 keV Galactic bulge emission. See Figure
2.4 for the map of the 1.809 MeV survey [Plu¨schke et al. 2001].
The list of massive star sources also includes pulsars. Pulsars create positrons
via pair production in the strong magnetic field. Massive stars do not meet the
criteria that the source population be concentrated in the bulge and be of old stellar
populations.
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Figure 2.4 The COMPTEL 1.809 MeV photon map from Plu¨schke [2001]. Note
that the emission is from the disk of the Galaxy. There is no bulge component.
2.2.2 Cosmic Rays
Cosmic rays interact with the interstellar medium producing pions. The
positively charged pion decays to a muon which decays producing a positron.
pi+ → µ+ + ν
µ+ → e+ + ν + ν¯ (2.10)
The positively charged pion is accompanied by the creation of the neutral
pion. Thus the neutral pion can be a tracer for the positrons from charged pions.
The high energy emission >100 MeV that is seen along the Galactic plane is the
decay of neutral pions. The Energetic Gamma Ray Experiment Telescope (EGRET)
on-board CGRO has mapped the Galaxy in high energy gamma rays (Figure 2.5).
The evidence of emission along the Galactic plane indicates where the cosmic rays are
and where they interact with the ISM to produce positrons. There is no indication
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Figure 2.5 All-sky map of cosmic rays above 100 MeV from the decay of neutral
pions. The bright section along the Galactic plane indicates that the positrons
from cosmic ray interactions are not soley responsible for the bulge positrons.
From EGRET Team
that there is a bulge component to the EGRET map. Therefore, cosmic rays cannot
be the dominant source of bulge emission.
2.2.3 Novae
Many novae cannot be seen in the Milky Way because of interstellar ex-
tinction toward the galactic bulge. Therefore it is difficult to study their spatial
distribution in the galaxy. However, novae are seen in other galaxies in particular
M31, our closest neighbor galaxy. Novae have been observed to reside primarily in
the bulge of M31. Novae produce positrons via β decay of the radioactive isotopes
13N,18 Fe, and 22Na, (lifetimes = 14min, 2.6h, and 3.75y). 22Na yields in novae
are 6× 10−9M [Kno¨dlseder et al. 2005]. To fuel the bulge emission from the decay
of 22Na alone, the novae rate would be 1600 per year. This rate is unreasonable
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considering that the estimate for the novae rate is 35± 11 per year for novae in the
Galaxy.
The decay of 22Na produces positrons and a photon of 1.275Mev.
22Na→22 Ne+ e+ + γ (2.11)
Leising et al. [1988] observed the Galaxy using the SMM observatory searching for
the positron tracer of the 1.275MeV gamma-ray. There was no evidence of the 22Na
line in the spectrum in the region of the Galactic center. 13N yields 2×10−7M per
novae [Kno¨dlseder et al. 2005], a higher rate than 22Na requiring 26 novae per year.
However, 13N has a much shorter lifetime to escape the ejecta to annihilate in the
interstellar medium. Novae fit the criteria of a bulge source of positrons. However,
the fraction of positrons that escape novae remains uncertain albeit insignificant
compared to other positron producing sources [Leising and Clayton 1987]. Even if
the positrons escape to annihilate, the 1.275 Mev line tracer of the positrons from
novae has not been detected. Novae are not on the list as a potential source of bulge
positrons.
2.2.4 Compact Objects and LMXB
An X-ray binary ia a system of two stars orbiting around each other. One
star is a compact object and the other companion star can be on the main sequence,
a white dwarf or an evolved star. The companion star’s material is drawn to the
compact object. Material from the companion star beyond its Roche lobe will fall
into the deep potential well of the compact object releasing energy in order to
conserve the energy of the system. The energy released is most strongly emitted in
the X-rays. A compact object is a general term refering to white dwarfs, neutron
stars, or black holes. When using the term, compact object, often the exact nature
of the object is unknown except for being very massive with a small radius. In the
case for neutron stars, material forms an accretion disk around the compact object
before falling onto its surface. The intense x-ray emission comes from the region
where material from the accretion disk falls onto the surface of the compact object.
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Stellar black holes produce x-rays as matter is transferred from the companion star
falling toward the black hole and heating the matter up to several hundred million
degrees.
X-ray binaries produce positrons by pair production in the area around the
compact object or through nuclear interactions that form unstable nuclei emitting
positrons as they decay. An X-ray binary system that ejects particles via jets is
known as a microquasar. These sources eject 1041 − 1042e+s−1 in relativistic jets
into the interstellar medium [Dermer and Murphy 2001].
There are two classes of X-ray binaries, high and low mass, named such for
the mass of the donor star. Low mass X-ray binary (LMXB) companion stars are of
late spectral type with a mass less than or equal to 2M. High mass X-ray binaries
(HMXB) have a giant or supergiant O or B donor companion star. HMXB are
associated with young stellar populations and have a distribution spread along the
disk [Grimm et al. 2002]. Therefore, HMXB are excluded from the list of sources.
The X-ray binaries mentioned in the rest of the section refer to LMXB.
LMXB are plausible sources to study the 511 keV positron annihilation emis-
sion because they meet the criteria established for emission from the bulge. There
are three aspects to the criteria: the morphology of emission matches morphology
of sources, the source produces positrons at a large rate with bulge to disk ratio
within range of INTEGRAL observations, and the source belongs to an old stellar
population.
2.2.4.1 Positron Production in LMXB
Positrons are produced in X-ray binaries by photon-photon pair production
in the inner luminous compact region of the accretion disk near the compact ob-
ject or from excited nuclei formed from nuclear interactions that decay via positron
emission. Jelley [1966] first mentioned pair production in photon-photon collisions
in relation to the the absence of high energy gamma rays from radio sources. He
deduced the absence of high energy gamma rays must be from absorption en route
by photons in intergalactic or interstellar space. Herterich [1974] applied the pair
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creation mechanism of absorption of gamma rays to X-ray binaries. Herterich also
indicated that, though this mechanism can produce positrons, there is no experi-
mental evidence. See Appendix A for the physics of photon-photon collisions.
The creation of electron-positron pairs are a source of opacity for very high
gamma-rays in an X-ray source. If one calculates the absorption of a gamma-ray
by an X-ray of approximately 103 eV, then the gamma-ray energy must be greater
than or equal to 3× 108 eV. To create the electron-positron pairs in a X-ray binary
you need the product of a gamma ray and X-ray photon energy to reach a certain
threshold. However, once the pair is created it can annihilate creating photons no
greater than 511 keV, which is below the threshold for absorption allowing the line
emission to be observed.
Some of the electron-positron pairs produced will annihilate locally while
the rest can escape through jets. LMXB have also been detected to have radio
emission. The radio emission is believed to be evidence of jets [Guessoum et al.
2006]. Guessoum et al. [2006] estimates a rate of 1041 positrons per second from
jets in microquasars.
2.2.4.2 Positron Rate Production from LMXB
Beloborodov [1999] modeled positron-electron pairs in vertical outflows. His
models would expel 1041 pairs per second in jets. Misra and Melia [1993], using a
specific model to reproduce the 1E 1740.7-2942 ”annihilation flare” of 1991, found
a rate of 6× 1042 pairs per second even after a predicted 90% annihilation near the
base of the jet. This rate is connected to the accretion rate onto the compact object
which is high in order to explain the event investigated. Yamasaki et al. [1999]
modeled AGN and microquasars which yielded a rate of 2 × 1042 pairs per second
ejected from jets. Guessoum et al. [2006] scale these numbers to consider the rate
from microquasars in the Galaxy with steady state jets. His range for the rate of
positrons is N˙e+ ∼ 4× 1040 to 9× 1041e+/s with an average ∼ 1041.
Guessoum calculated the total flux from microquasars using N˙e+ average to
be ∼ 5 × 10−4 ph cm2 s−1, barely within range of the 1.05 ± 0.06 × 10−3 ph cm2
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s−1 measured by SPI. Guessoum estimated a galactic bulge and disk rate to get a
bulge to disk ratio (B/D) from positions and distances of known microquasars and
the N˙e+ average. The bulge rate ∼ 4.1×1042e+/s is about three times smaller than
the SPI value of 1.5× 1043e+/s and disk rate ∼ 1.7× 1042e+/s is about two times
smaller than the SPI mearsured value of 3 × 1042e+/s. Guessoum’s values give a
B/D ratio of 2.4, which is smaller than the lowest limit measured by SPI of B/D
between 3 and 9.
2.2.4.3 Distribution
The distribution of LMXB was studied by Grimm et al. [2002]. From this
survey, LMXB were found to be centrally located in the Galactic longitudinal and
latitudinal directions. A third of the LMXB were within the ∼ 2 kpc extent of the
511 keV emission from the galactic bulge. However, of the 12 most luminous LMXB
known, only 30% are actually located in the bulge. If the luminosity of LMXB
in X-rays is proportional to the positron annihilation luminosity then the bulge
LMXB are not luminous enough in X-rays to create the B/D ratio comparable to
the SPI measurements. Grimm’s value for the B/D ratio is ∼ 0.9. Both Grimm and
Guessoum considered the scale height of 410 pc for LMXB from the galactic plane.
Bright LMXB in the disk could have positrons escape the inner gas layer of the disk
at ∼ 100 pc. Positrons would escape to the halo and diffuse before annihilation.
The positrons would diffuse to large scale heights and be hard to detect. After
subtraction of the disk emission from 26Al about 80% of positrons from disk LMXB
would have to escape to meet the criteria of a B/D ratio of 3-9. Whether such a
large fraction can escape is uncertain.
The positron production by X-ray binaries and the distribution of X-ray bi-
naries cannot explain the B/D ratio measured by SPI using current data on X-ray
binaries. Modeling the LMXB in the Galaxy and their luminosity may provide more
insight as to how much LMXB contribute to the 511 keV emission. However, prelim-
inary research indicates that the LMXB emission morphology will not correspond
to the 511 keV emission morphology that has been observed. If the luminosity of
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the the X-ray binary scales with the positron luminosity then the morphologies will
not match [Guessoum et al. 2006].
2.2.5 Light-Dark Matter
Bœhm and Silk [2008] have proposed light dark matter as a candidate source
of galactic positrons, where the term light describes a particle, ”a thousand to a hun-
dred times lighter than a proton, i.e., with a mass comparable to the electron mass.”
Positron-electron pairs can come from decays or annihilation of light dark matter
particles. There are two mechanisms, the exchange of a charged heavy fermion or
neutral light boson. The existence of both particles have been speculated theoreti-
cally, but current particle physics experiments have not confirmed their existence.
The heavy fermion could explain the 511 keV morphology while the light
boson may explain why 80% of the universe is dark matter [Bœhm and Silk 2008]. In
the Galaxy, the exchange of heavy fermions is the dominant mechanism of positron-
electron pair creation. Only a cuspy galactic density profile can indicate whether
light dark matter responsible is for the 511 keV morphology [Ascasibar et al. 2006].
Light dark matter particles are required to have a mass < 100 MeV to explain the
511 keV observed morphology by INTEGRAL.
The flux from light dark matter has been compared to the observed 511 keV
flux from SPI by Hooper et al. [2004]. If the 511 keV emission is due to light dark
matter particles, then we should see a positron annihilation flux from galaxies known
to have high densities of dark matter. Dwarf spheroidal galaxies have environments
devoid of gas and dust compared to the Galactic center and are known to have a
high density of dark matter. This is to due to the large mass to light ratios for
dwarf spheroidals, which indicates that a large fraction of the mass is dark matter
[Gilmore et al. 2007]. Therefore, observations of 511 keV positron annihilation from
dwarf spheroidals could provide strong evidence for light dark matter particles. The
nearby Sagittarius dwarf spheroidal was predicted to produce a 511 keV flux in
the range of 1 − 7 × 10−4 ph cm2 s−1. However, the Sagittarius dwarf galaxy was
observed by SPI [Cordier et al. 2004] and no source was detected. The flux 2σ upper
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limit reported was 4.8× 10−4 ph cm2 s−1. Kno¨dlseder et al. [2005] reported a much
lower upper limit of 1.7× 10−4 ph cm2 s−1 for the Sgr dwarf spheroidal and did not
confirm the central cusp model the light dark matter for this galaxy.
More research needs to be done before light dark matter is excluded as a
plausible source for the Galactic annihilation emission. The cuspy density profile of
the light dark matter is still be to be constrained by observation.
2.2.6 SNIa
Thermonuclear supernovae (SNIa) are a plausible source of positrons in the
Milky Way. As a part of this thesis SNIa were studied in depth. Details on SNIa
are discussed in the next chapter.
2.3 Summary
First, the primary source of galactic positrons must be associated with the
galactic bulge. Since the bulge is thought be to composed of mostly an old stellar
population [Rich 2001], the source of positrons should belong to old stellar popula-
tions. The other criteria arise from data gathered by INTEGRAL, which measures
bulge and disk positron rates that create a bulge to disk 511 keV photon luminosity
ratio in the range 3-9.
Component Rate [e+s−1]
Bulge 1.50± 0.10× 1043
Disk 0.3± 0.2× 1043
B/D = 3-9
The B/D ratio indicates that the source must be at least three times more
abundant in the bulge than the disk. Certain caveats should be considered when
trying to find positron sources that may or may not fit within the B/D range. The
source may not be able to diffuse positrons three times more efficiently in the bulge
than the disk. There may be a mechanism that suppresses positron annihilation in
the galactic disk.
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The criteria established are
• The source has a bulge dominated spatial distribution.
• The source should be associated with old stellar populations.
• The source should produce positrons at a rate comparable to the rates mea-
sured by INTEGRAL
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CHAPTER 3
ANNIHILATION EMISSION FROM SNIA
3.1 SNIa As Plausible Sources
Supernovae Ia are the most plausible candidates for the 511 keV emission
from the bulge because they meet the criteria of belonging to an old stellar popula-
tion such as that in the bulge and producing large numbers of positrons.
3.1.1 SNIa From Old Stellar Populations
The current model for a SNIa obtained from observations and theoretical
simulations is an explosion of a carbon-oxygen white dwarf [Woosley and Weaver
1986]. Since a white dwarf simply cools in insolation, a binary system of a white
dwarf and a companion star is needed to transfer mass onto the white dwarf in order
to create a SNIa. The white dwarf companion could either be another white dwarf,
as in the double degenerate model, or an evolving star, as in the single degenerate
model.
The double degenerate model is two carbon-oxygen white dwarfs in binary
system that merge. Once they merge, the mass will be greater than the Chan-
drasekhar limit and the process to explosion is similar to the single degenerate
model. In the single degenerate model, the companion star could range from a main
sequence star to a supergiant. The stars in a binary system are two stars that form
at the same time. Binary systems that create a SNIa must have initial main se-
quence masses of less then 10 M because, stars with M ≥ 10 M will become type
II supernovae.
The primary star will evolve into a white dwarf. Meanwhile, the secondary
companion star, which has sufficiently less initial mass than the primary, does not
evolve off the main sequence until after the primary star becomes a white dwarf.
The white dwarf and the companion star must be in a close binary system so that as
the companion star evolves and expands it will overflow its Roche-lobe and transfer
mass to the white dwarf.
The rate of accretion from the companion star is limited in that there needs
to be a steady nuclear burning on the carbon-oxygen white dwarf to produce the
Chandrasekhar limit, the limit where gravity will overcome the electron degeneracy
pressure in a non-rotating white dwarf. The Chandrasekhar limit is of 1.4 (2/µe)2
M, where µe is the average molecular weight per electron. This scenario translates
to a narrow range of companion masses of 1.5 to 2.5 M [Langer et al. 2002]. Once
the white dwarf has accreted enough mass, it can no longer support itself through
electron degeneracy pressure and will begin to contract. The temperature in the
core will increase. Normally, a star would counteract the temperature increase
by cooling through expansion. However a WD, which is supported by electron
degeneracy pressure against gravity, not thermal pressure, will not cool down since
the degeneracy pressure is independent of temperature. Fusion will start and the
temperature will continue to rise unabated until there is enough energy that the
star explodes.
White dwarfs are associated with old stellar populations. The life cycle of
a star depends on its mass. A low or medium mass star of ≤ 8 − 10 M, the star
will become a white dwarf. Stars that become white dwarfs evolve more slowly than
more massive stars since their low mass star progenitors stimulate nucleosynthesis
at a much slower rate. SNIa white dwarf progenitor stars have predicted lifetimes
of 109 to 1010 years [Langer et al. 2000]. The bulge of our Galaxy is composed of
old stars of ages 8 × 109 years [Wyse et al. 1997]. The stars in the bulge appear
to be K and M stars of high metallicity. K and M stars live long lives on the main
sequence and the bulge stars must have been formed from the remains of previous
generation of stars to achieve high metallicity.
SNIa are the only type of supernovae observed in ellipticals. Elliptical galax-
ies are thought to have efficiently formed stars early in their formation several billion
years ago. If there has not been any recent star formation, then SNIa progenitors
are old, low mass stars.
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3.1.2 Positrons From SNIa
SNIa eject large numbers of positrons from the decay of 56Ni, which is the
most abundant radioisotope produced in SNIa. SNIa synthesize about 0.1 to 1.0
M of 56Ni [Hoyle and Fowler 1960], which decay to 56Co. Then, positrons will be
created through β-decay of 56Co when 56Co decays to 56Fe. 56Ni has a half life t1/2
of 6.1 days and a life time of τNi = 8.8 days (τ = t1/2/ln2).
56Ni → 56Co∗ + νe
56Co∗ → 56Co+ γ
The daughter isotope 56Co will decay into 56Fe via electron capture or
positron emission, i.e. β-decay. The half life t1/2 of 56Co is 77.2 days and the
lifetime τCo is 111.3 days. 56Co decays 19% of the time by β decay [Nadyozhin
1994]. See Figure 3.1 and 3.2 for a simplified decay scheme.
56Co → 56Fe+ e+ + γ + νe 19% β+
56Co → 56Fe+ γ + νe 81% EC
In the β decay scheme above of 56Co to 56Fe there is an atomic mass dif-
ference of ∆E = 4.56 MeV. The decay produces a positron and an anti-neutrino.
For a β decay to occur there must be a threshold of 2mec2 ∼ 1MeV between parent
and daughter isotopes atomic masses, where me is the mass of the electron (the
positron mass is equal to the electron). In the change from parent to daughter an
electron is taken away because the product and reactant atomic masses are defined
by their number of protons and equal number of electrons. As an example 56Co
has 27 protons, 27 electrons, and 29 neutrons, but its daughter isotope 56Fe has 26
protons, 26 electrons and 30 neutrons. There is one less electron between parent
and daughter that must be accounted for. The mass of the parent and daughter
isotopes in atomic mass units includes the mass of their electrons. Therefore the β
decay will only occur when the threshold of the mass of the created positron as well
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Figure 3.1 Simplified decay scheme of 56Ni from Nadyozhin [1994].
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Figure 3.2 Simplified decay scheme of 56Co from Nadyozhin [1994].
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as accounting for the electron missing between the reaction equals 2mec2. The β
decays go to the 56Fe excited state of E∗ = 2.085 MeV.
Doing an accounting of the energy
∆E − 2mec2 − E∗ = Ke+ + Eν (3.1)
leaves 1.459 MeV to share between the kinetic of the positron Ke+ and the energy
of the anti-neutrino Eν . The positron will have a mean kinetic energy of 0.632 MeV
and the neutrino will have a mean of 0.827 MeV [Nadyozhin 1994].
If a SNIa produces an average amount of ∼ 0.6M of 56Ni and all the mass
decays to 56Co, then a yield, y, of 2 × 1054 positrons will be produced per SNIa
event.
y = b
(
M
A
)
NA (3.2)
Where M is the mass of the radioisotope in grams, A is the atomic mass of 56 grams
per mole, NA is Avogadros number, 6.022 × 1023 particles per mole, and b is the
percent of β decay which is 19%.
Positrons from the decay of 56Co have to escape or survive the journey
through the supernovae ejecta as the ejecta interacts with the interstellar medium
for SNIa to contribute to the Galactic positron annihilation emission. Whether
a positron survives to annihilate outside the ejecta depends on the density of the
medium in the location where the positron is produced, on the positron’s initial
energy, and the transportation through the ejecta due to the presence of a magnetic
field. Positrons will lose energy mainly by ionization or excitation. There are other
energy loss mechanisms such as bremsstrahlung emission, synchrotron radiation,
and Compton scattering but they are negligible in a SNIa compared to ionization
[Chan and Lingenfelter 1993].
A positron created deep in the ejecta of a supernovae may annihilate in the
ejecta if the local density is high enough so that most of the positrons kinetic energy
is lost in the ejecta. Annihilation mechanisms are talked about in Chapter 2. How-
ever, the thermalized positron may survive if the density of the ejecta has become
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low enough to carry the positron into the interstellar medium by the expanding
ejecta. A positron may not be thermalized if emitted at a time when the ejecta
medium is rarefied or at shallow depths. It will escape the ejecta into the ISM as
a non-thermal particle. Whether a positron escapes to the ISM as a thermal or
non-thermal particle, its lifetime in the ISM is ∼ 105 − 106 years [Guessoum et al.
1991] before annihilating and becoming part of the Galactic 511 keV emission.
The escape of positrons from the ejecta not only depends on density and
initial energy but also on how the magnetic field of the supernovae is oriented.
Milne et al. (1999) found that 8 × 1052 positrons escape to the ISM by comparing
light curves generated from models of different SNIa explosions and magnetic field
orientations to light curves from observations of normal, super, and sub-luminous
supernovae. The shape of a supernovae light curve provides information on the
supernovae explosion and positron escape.
The light curves of SNIa are shaped by the radioactive decay of
56Ni→56 Co→56 Fe (3.3)
In a typical bolometric light curve, the peak brightness of the supernovae will occur
after the inceptive supernova explosion is first detected. Since the half-life of 56Ni is
short (6.1 days) the decay of 56Ni to 56Co will power the luminosity in the peak of
the light curve. The ∼ 1.7MeV of photons from 56Ni will deposit their energy into
the ejecta. After the peak in light curve at around 60 days the shape of the light
curve follows the exponential decay of 56Co (half-life is 77 days) and the decline of
the gamma-ray energy deposition due to the reduction of gamma-ray optical depth
allowing the photons to escape. Positrons may annihilate in the ejecta or survive to
annihilate in the ISM due to the configuration of the magnetic field.
3.2 Calculating Annihilation Emission From SNIa
The required supernovae rate can be calculated using the annihilation rate
of positrons from the INTEGRAL data, 1.5×1043e+/s [Kno¨dlseder et al. 2005] and
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the positron escape yield of 8 × 1052 e+ . The rate is converted to supernovae per
century, the typical supernovae rate unit.
SNIa rate =
(
1.5× 1043e+/s)( SNIa
8× 1052e+
)(
3.1556926× 109s
102y
)
= 0.6 SN per century (3.4)
If the 511 keV annihilation rate observed from the bulge, as seen by INTE-
GRAL, is exclusively from positrons from SNIa then, the supernovae rate should
be .6 SNIa per century. This rate is not impossible for the bulge. The supernovae
rate for the Galaxy is poorly known due to a small number of recorded supernovae
events. Furthermore, according to INTEGRAL data, the 511 keV emission is more
concentrated in the bulge compared to the disk. Separate supernovae rates for both
bulge and disk are necessary to compare the positron rate observed by INTEGRAL
and to compare to the bulge to disk ratio B/D = 3− 9.
3.2.1 The Positron Rate Equation
INTEGRAL has observed a positron annihilation rate N˙e+ for the bulge (
1.5×1043e+/s) and for the disk (0.3×1043e+/s). The positron annihilation rate from
SNIa is calculated in order to analyze the contribution of positrons to the observed
511 keV emission from SNIa. The positron annihilation rate for each component of
the Galaxy can be found by combining the positron escape yield with the supernovae
rate inferred from the luminosity of the bulge and disk. The supernova rates from the
bulge and disk are inferred from scaling the supernova rates observed from elliptical
and spiral galaxies, respectively, by their luminosity.
The general equation for the positron production rate N˙e+ is the product
of the observed supernovae rate normalized to a particular band, the luminosity of
the particular component of the galaxy in the same band times, and the number of
positrons that escape a supernova. For example, to determine the positron annihi-
lation rate for the bulge from the B-band N˙Be+,Bulge, the supernovae rate per unit B
luminosity (inferred from elliptical galaxies) must be multiplied by the luminosity
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of the bulge in the corresponding observational band (the B-band), and the escape
yield. The positron annihilation rate for the bulge determined from the B-band
N˙Be+,Bulge is
N˙Be+,Bulge =
(
SNRBE0
) (
LBBulge
)( e+
SN
)
(3.5)
Where SNRBE0 is the supernovae rate of old stellar populations per unit B luminosity
inferred from ellipticals in the B-band, LBBulge is the luminosity of the bulge in the
B-band, and e
+
SN is the number of positrons that escape from supernovae.
3.2.2 Supernovae Rates
The SNIa rate for each component of the Galaxy, bulge and disk, is needed
to calculate the rate positrons annihilate to produce the 511 keV emission. The
supernovae rate of the Milky Way is poorly known. What has commonly been done
is to infer the supernovae rate of the Galaxy from observations of supernovae in other
nearby galaxies similar to the Galaxy’s Hubble type. However, for this research, the
bulge and disk supernovae rates must be differentiated. The assumption is made
that the bulge of the Galaxy is similar to elliptical galaxies and the disk can be
interpreted as a spiral galaxy. Supernovae rates can be found for both elliptical and
spiral galaxies to calculate the positron annihilation rates in our Galaxy.
Supernovae rates for a galaxy should depend on its number of stars or its
mass. The supernovae rate has been observed to depend on the luminosity of the
parent galaxy [Tammann 1970]. Luminosity is related to the amount of stellar mass,
so the luminosity of a galaxy is a measure of its mass. An abundance of stars means
more mass and more luminosity. The more stars the higher the probability to have
systems that have SNIa progenitors. So, the assumption is
Luminosity ∝ Mass of stars
in system
∝ Number of
stars
∝ Number of
SNIa progenitors
∝ SNR (3.6)
The supernovae rates are usually normalized to the galaxy luminosity in
certain bands such as the B and K bands (centered at .44 and 2.2 micrometers,
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respectively) and in units per century. A common unit for supernovae rates is
supernovae per century per 1010 LB in the B-band, SNu =
[
SN
1010LB102y
]
. Rates
can also be normalized to the K-band, the number of supernovae per century per
1010 K-band solar luminosity (SNuK). For reference the solar luminosity in the
B-band is LB = 5.2 × 1032erg/s [O’Sullivan et al. 2001] and in the K-band LK =
5.67× 1031erg/s [Mannucci et al. 2005].
Historically, the B-band luminosity was used to measure the mass of galaxies.
The B flux is a combination of emission from old stars and emission from young
stellar populations. However, the B emission is absorbed by dust [Mannucci et al.
2005]. Emission whether from a young or old stellar population will contribute a
different amount of B flux, either more or less, along the Hubble Sequence. The
presence of young stellar populations in late Hubble type galaxies will supply a
significant amount of B luminosity. Therefore, B luminosity is a poor tracer of mass
along the Hubble sequence and is unspecific as to stellar age.
As a stellar population evolves, the young massive stars will die leaving
behind an older, less massive, i.e. cooler, stellar population. Star formation will
continue to make massive and less massive stars. However, since less massive stars
have much longer lifetimes than massive stars, the less massive stars will accumulate
while the number of massive stars will stay more constant. Therefore, to get a gen-
eral measure of a galaxys mass one uses the K-band whose near infrared wavelength
measures the light of less massive stars. The less massive stars are where the mass
of the stellar population has been adding up over time.
Thus, the K-band luminosity of a galaxy of a particular Hubble type is a good
measure of its old population. The number of low mass stars is proportional to the
number of low mass binary star systems in which SNIa occur, The number of SNIa
progenitors is proportional to the rate of SNIa [Tammann et al. 1994]. Therefore,
the supernovae rate normalized to the luminosity in the K-band should be a better
measure of the supernovae rate along the Hubble sequence than normalized to the
B-band luminosity. The luminosity in the near IR of a galaxy is proportional to the
number of low mass stars and the low mass binaries which is proportional to the
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supernova rate since low mass binaries are supernovae progenitors.
LuminosityNIR ∝ N(low mass stars) ∝ N(low mass binaries) ∝ SNR (3.7)
3.2.3 Example Calculation and Results
All the calculations for the positron annihilation rate have the form of Eq.
3.5. To perform a calculation for the bulge in the B-band, use Equation 3.5 substi-
tuting the values from Table 3.1
N˙Be+,Bulge =
(
.18SN
102y1010LB
)(
.34× 1010L
)(8× 1052e+
SN
)(
1y
31556926s
)
= 1.6× 1042 e
+
s
The supernovae rates in the K-band are calculated by Mannucci et al. [2005], nor-
malized to the infrared luminosity and the stellar mass of the parent galaxies. The
B-band supernovae rates were calculated by Cappellaro et al. [1999] using a large
database to improve the statistics on the supernovae rate. The luminosity values
used in the calculations are the luminosity of the bulge and disk in both K and
B-band from Reshetnikov [2000] study of the Milky Way galaxy. Table 3.1 includes
variables used in calculations. Results of calculations are in Table 3.2.
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Variable Component Reference
Bulge
K-band
LKBulge 1.2× 1010LK Reshetnikov [2000]
SNRKE0 0.035 ± 0.013 SNuK Mannucci et al. [2005]
B-band
LBBulge .34× 1010LB Reshetnikov [2000]
SNRBE0 0.18 ± 0.06 SNu Cappellaro et al. [1999]
Disk
K-band
LKDisk 5.5× 1010LK Reshetnikov [2000]
SNRKS 0.088 ± 0.035 SNuK Mannucci et al. [2005]
B-band
LBDisk 1.71× 1010LB Reshetnikov [2000]
SNRBS 0.21 ± 0.08 SNu Cappellaro et al. [1999]
Table 3.1 Variables for the calculations of positron annihilation rate and
references
Results
N˙Ke+,Bulge 1.1± 0.4× 1042 e
+
s
N˙Be+,Bulge 1.6± 0.5× 1042 e
+
s
N˙Ke+,Disk 1.2± 0.5× 1043 e
+
s
N˙Be+,Disk 9± 3× 1042 e
+
s
B/DB 0.09 ± 0.05
B/DK 0.17 ± 0.09
Table 3.2 Results of positron annihilation rate calculations
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3.2.4 Discussion of Calculation Results
First, one might notice the positron annihilation rates are not of the mag-
nitude observed by INTEGRAL nor is the bulge to disk ratio within the range of
B/D = 3−9 for either B or K-band. The positron annihilation rate is greater in the
disk than in the bulge in both bands making the B/D ratio < 1. One conclusion
could be that SNIa are not solely responsible for the positron annihilation emission
that is prominent in bulge compared to the disk. However, of the list of plausi-
ble sources for positron annihilation emission, SNIa have been shown to produce
a significant quantity of positrons that escape the supernovae ejecta envelope to
annihilate. Also, SNIa are a result of an exploding white dwarf which is associated
with an old stellar population. The bulge is also known to have old stars. There
have been statements published in the past that say supernovae have not been dis-
covered in the center of galaxies [Bartunov et al. 1992]. This is not necessarily the
case. With new ways of observation and stacking of images, supernovae have been
discerned in the central parts of galaxies.
If all SNIa progenitors are low mass stars, then SNIa would certainly occur
in elliptical galaxies which consist of low mass stars. Late type galaxies consist of
young massive stars and old low mass stars. The universe is not old enough for
many low mass stars to complete their stellar evolution and so their population
should remain constant along the Hubble sequence. However, the supernovae rate
increases from early to late type galaxies. This could mean that SNIa do not only
come from old stellar populations, but also from a young progenitor population.
SNIa seem to meet the criteria of producing large numbers of positrons, being
centrally located, and are associated with old stellar populations. Yet the positron
annihilation rates from SNIa do not match observations. A potential solution could
be that different SNIa progenitors or explosion mechanisms exist in different stellar
populations. This idea will be explored in the next section.
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3.3 Different Types of SNIa Along the Hubble Sequence
The rates of SNIa change along the Hubble sequence. In the K-band, the
SNIa rate in E/S0 ellipticals is 0.035 SNuK and for late type spirals the rate is 0.088
SNuK (Table 3.1). This is an increase of almost a factor of three. The increase
implies that between spirals and ellipticals the rate of SNIa that explode from a
binary system changes considerably as the parent population ages.
However, it may be that the correlation between SN rate and the age of the
parent population is affected by the properties of the SN explosion with respect to its
population age. There are properties of a SN explosion that reflect the differences
between SN in old or young populations. Some of these differences are velocity
of ejecta, luminosity and photometric evolution, and rate of occurrence [Mannucci
et al. 2005]. Also Howell [2001] has shown supernovae that are overluminous or
subluminous preferentially occur in late type galaxies or early type, respectively.
If a supernovae of a particular luminosity classes prefers a certain age of
progenitor star, then it may be the case that the positron escape from a supernova
depend on the luminosity class of the supernova. One way to test the characteris-
tics of different supernovae progenitors along the Hubble sequence is by using the
decline rate parameter ∆m15B . The value of ∆m
15
B is the difference in magnitude
of a supernovae light curve from peak brightness to 15 days after maximum in the
B-band. After explosion, SNIa follow a characteristic curve of luminosity as a func-
tion of time. The luminosity generated by the decay of 56Ni through 56Co to 56Fe is
responsible for the shape of the light curve. If there is a characteristic in SNIa that
differs amoung galaxy types then the light curves should reflect a difference. A large
∆m15B would mean that after peak brightness the slope of the light curve is rapidly
declining (i.e. the supernovae dims quickly). Using the decline rate parameter ∆m15B
is more robust than finding the actual slope of the light curve, which is difficult to
measure precisely.
Data of supernovae and their ∆m15B values were taken from Reindl et al.
2005. Data on the supernovae host galaxy was taken from Reindl et al. 2005,
Hamuy 1996, and the SIMBAD Astronomical Database. The supernovae ∆m15B
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values are plotted against their hosts galaxies (Figure 3.3). This was done in order
to see if there is a difference between supernovae in late type and early type galaxies.
On the figure early type elliptical galaxies are defined to be between 1 and less than
5, from 5 to 9 are late type spiral galaxies, and 10 are irregular or peculiar galaxies.
There were multiple supernovae that had a ∆m15B corresponding to the same galaxy
type/number. These supernovae were given a galaxy number that ended in a decimal
in order to see the spread of supernovae of a particular ∆m15B in a certain galaxy
type. The data for Figure 3.3 are in Appendix A.
In Figure 3.3 one can see that the early type galaxies have no correlation.
The data points are spread out among different values of ∆m15B with an average at
1.409. However, the late type galaxies data points cluster around a ∆m15B value less
than 1.4 with an average at 1.155.
Howell [2001], Hamuy et al. [1996], and Gallagher et al. [2005] have also noted
a dependence of SNIa luminosity with galaxy morphological type. SNIa have been
thought of as having uniform peak brightness and labeled as standard candles. They
have been used to measure distances for cosmological calculations. However, we now
know that there are SNIa that have a characteristic light curve with overluminous
or subluminous peak brightness. If the subluminous or overluminous properties of
SNIa are a measure of different SNIa progenitors or explosion mechanisms for dif-
ferent parent population ages then there will be a relation between overluminous
or subluminous with late type or early type galaxies. In Figure 3.3 overluminous
supernovae are diamonds and subluminous are circles. Data for over and sublu-
minous are from Howell 2001. Howell’s definition for overluminous supernovae are
supernovae spectroscopically similar to SN 1999aa or SN 1991T. Supernovae are
defined subluminous if they show spectroscopic signatures similar to SN 1991bg and
SN 1986G.
Overluminous supernovae occur in early and late type galaxies, but more
in late type. Subluminous supernovae occur more in elliptical galaxies with two
exceptions, 1992K and 1999by. If subluminous supernovae have a correlation with
the host stellar population age then SN 1992K and SN 1999by could be located
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in the bulge of their spiral galaxy. The finder chart for SN 1999by from the list
of bright supernovae complied by ASRAS (Astronomy Section of the Rochester
Academy of Science) shows the supernova in the outside perimeter of the disk.
On the other hand, SN 1992K is close to and may be in the bulge of its host
galaxy. However, this is not definitive evidence of a relation between subluminous
supernovae to stellar population age. The mechanism that makes supernovae in
ellipticals can occasionally happen in old components of spiral galaxies.
If subluminous supernovae mostly occur in old stellar populations, like the
bulge of the galaxy, and have a greater positron escape yeild than normally luminous
supernovae then, subluminous supernovae may help explain the positron annihila-
tion rate. The required positron escape yield, ysub, for subluminous supernovae to
match observations of the Galactic bulge is ysub = 1× 1054 e+ SN−1.
ysub = N˙e+
(
SNRKE0
)−1 (
LKBulge
)−1
(3.8)
Where N˙e+ is the positron annihilation rate observed by INTEGRAL, 1.5 × 1043
e+ s−1, SNRKE0 and L
K
Bulge are the values taken from Table 3.1. This calculation
assumes that the supernovae rate in elliptical galaxies are all subluminous. From
Figure 3.3 one can see that ellipticals have both sub and overluminous supernovae,
making this value an upper limit if subluminous supernovae produce more positrons
than overluminous. Then, if subluminous supernovae produce M = 0.6M of 56Co
[Cappellaro et al. 1997] they will produce a total number of positrons Ne+ = 2×1054.
Ne+ = MNAA
−1b (3.9)
Where A is the atomic mass of 56 grams per mole, NA is Avogadros number, 6.022×
1023 particles per mole, and b is the percent of β decay which is 19%.
Half of the positrons created would have to escape the subluminous super-
novae to match observations. The half life of 56Co is 77 days, after this time there
should be a significant decrease in the brightness of the light curve of subluminous
supernovae to indicate positron escape. One can see from [Milne et al. 2001] that
normal and overluminous supernovae follow a similar light curve while subluminous
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start a decline much sooner at around day 100. At this time the supernovae ejecta
may be rarified enough for positron escape. However, current models of supernovae
explosions do not describe subluminous supernovae. Models for subluminous su-
pernovae are needed to examine more in depth positron escape yields and when
the supernovae transitions between positron trapping due to magnetic fields and
positron escape.
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CHAPTER 4
CONCLUSION
We have yet to identify the source of Galactic positrons responsible for the
511 keV emission. Many sources have been proposed as the source of the positron
annihilation emission but, none seem to fully meet the requirements of matching
with the observed morphology nor the positron annihilation rate bulge to disk ratio.
Massive stars produce positrons via nuclear decay but, do not match the
morphology of the emission. The 1.809 MeV photons that are produced when 26Al
decays have a distribution along the Galactic disk. There is no bulge component
(Figure 2.4). In fact, the annihilation of positrons from the β-decay of 26Al accounts
for 70% of the positron annihilation emission from the disk. Even though there are
massive stars in the Galactic nucleus they do not match the extent of the diffuse
511 keV emission. The nuclear bulge has a radius of 1 kpc which corresponds
to |l| = 7◦  than the Galactic nucleus. INTEGRAL data show the 511 keV
emission morphology extends to |l| = 30◦. Therefore, massive stars do not match
the morphology of the 511 keV emission.
The positrons from cosmic rays interactions also do not match the 511 keV
emission morphology. When cosmic rays interact withe the ISM they produce both
neutral and charged pions. The photons from the decay of neutral pions are a tracers
for the positrons that come from the decay of charged pions. Data from EGRET
shows a disk component but no bulge component (Figure 2.5).
Novae produce positrons from β-decay of 22Na and 13N. To match observa-
tions of positron annihilation requires a large rate of 1600 novae per year with yields
of 6 × 10−1M of 22Na per novae event. This rate is above the estimate of 35 ±
11 per year [Shafter 1997]. Also, the tracer for the positrons, the photons of 1.275
MeV from the decay of 22Na, has not been discovered. 13N lifetime of 14 minutes
prevents the escape of positrons from the nova envelope.
Neither massive stars, cosmic rays, nor novae are likely sources for the Galac-
tic positron annihilation emission.
LMXB are good prospects as the source of positron annihilation emission
because they meet the criteria of being from old stellar populations, match the
observed 511 keV emission morphology, and produce a large quantity of positrons,
∼ 1042 e+ s−1. The positrons from LMXB are believed to be from photon-photon
production or nuclear decay from excited nuclei. Although, there is no observed
evidence to support theses ideas.
The distribution of LMXB is dense within the 2 kpc extent of the 511 keV
emission from the Galactic bulge. Weidenspointner et al. [2008] measured an asym-
metry in the 511 keV emission in the Galactic disk and attributed the morphology
to the apparent distribution of LMXB. However, of the 12 brightest LMXB known,
only 30% are in the bulge region. If the brightness of LMXB is proportional to
the positron escape yield, then the bulge LMXB are not bright enough to match
INTEGRAL observations of the 511 keV emission morphology.
Light dark matter was proposed as a viable candidate for Galactic positrons
because of the difficulty of matching known astrophysical sources with the observed
511 keV emission. Dark matter particles would produce positrons by either decay
or annihilation of their anti-particle. However, the proposed particles have yet to
be detected through known astrophysical processes or by particle accelerators on
earth. The narrow width of the 511 keV line implies that the positron must have
energies less than a few MeV. Therefore the dark matter particles are constrained
to be a few MeV.
This thesis focused on whether type Ia supernovae play a prominent role in
the Galactic positron annihilation emission. The assumption that the supernovae
rate from elliptical galaxies could be used as the supernovae rate of the bulge,
because of similarities in the age of the stellar population, was used in order to
calculate a positron annihilation rate for the bulge of the Galaxy. The supernovae
rate from spiral galaxies was used to calculate the positron annihilation rate from
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the Galactic disk. The bulge to disk ratio was found using positron annihilation
rates from both the bulge and disk.
The calculated bulge to disk ratio is too low to match the INTEGRAL
observed data. However, this result is not completely unexpected since the SNIa
rates increase along the Hubble sequence. Note that the supernovae rate in the B
and K-band increase from elliptical to spiral galaxies in Table 3.1.
The increase in the supernovae rate from early elliptical to late type spirals
has lead to the idea that SNIa in ellipticals and spirals may be from different types
of progenitors. Elliptical and spiral galaxies differ greatly in their stellar population
ages. Elliptical galaxies consist of old stellar populations and SNIa are the only
type of supernovae to be seen in these galaxies. On the other hand, spiral galaxies
have a much larger young stellar population and harbor all types of supernovae.
The difference in the age of the stellar populations in galaxies and the increase
in the SNIa rate along the Hubble sequence may indicate a ”young” SNIa stellar
progenitor.
Howell [2001] has noted the subluminous supernovae are likely to occur in
early type galaxies and overluminous supernovae are more common in late type
galaxies. The luminosity of SNIa appear to be related to their progenitor stellar
age.
The existence of subluminous and overluminous supernovae proves that SNIa
are not as ”standard” as once thought. Supernovae of different luminosity classes
could have different positron escape yields. Milne et al. [1999] noted that there is
no sufficient models for subluminous supernovae. This means that the explosive
mechanisms for subluminous supernovae are not well understood.
We explore whether supernovae of different luminosity classes could con-
tribute to the positron annihilation rate by using the luminosity decline rate of the
supernovae and the host galaxy. The decline rate parameter ∆m15B is a measure of
the supernovae luminosity class. ∆m15B is plotted against the host galaxy’s Hubble
type, Figure 3.3. Note that overluminous supernovae prefer spiral galaxies and that
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early type galaxies seem to have no preference between overluminous or subluminous
supernovae. However, subluminous supernovae do prefer early type galaxies.
Since overluminous supernovae prefer young stellar populations like those
of the Galactic disk, only subluminous supernovae could contribute to the Galatic
positron annihilation emission from the Galactic bluge.
Therefore, it is plausible that the subluminous supernovae could contribute
to the positron annihilation emission from the Galactic bulge, if subluminous super-
novae have larger positron escape yields than overluminous supernovae.
However, to match the observed positron annihilation rate of 1.5× 1043 e+
s−1 from INTEGRAL, 1 × 1054 e+ SN−1 would have escape to contribute to the
positron annihilation emission from the bulge. This is half of the positrons created
in subluminous supernovae. Milne et al. [1999] averaged that 8×1052 e+ escape per
supernovae. With better models for subluminous supernovae and more observations
at late times it is doubtful that more data could increase the positron escape per
supernova to match observations.
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APPENDICES
Appendix A
Positron Production in LMXB
The physics of the positron creation in LMXB by photon-photon collisions.
The threshold for photon-photon collisions can be calculated using conser-
vation of momentum. Start with two photons before collision of momentum p1 and
p2. Photons have no rest mass, E2 = p2c2, so in four vector notation the momentum
of a photon is written
p(photon) =
E(photon)
c
(1, nˆ) (A.1)
where nˆ is the direction of propagation of the photon. So thus
p1 =
E1
c
(1, nˆ1) (A.2)
p2 =
E2
c
(1, nˆ2)
Using conservation of momentum before and after collision the sum of the photon
momentum must equal the sum of the created particle momentum p3 and p4 .
p1 + p2 = p3 + p4 (A.3)
To find the threshold the particles are required to be at rest. The particles are the
electron and positron with have the same mass m.
p3 = (mc, 0)
p4 = (mc, 0) (A.4)
By squaring both sides of Eq. A.3 we can find the threshold energy.
p1 · p1 + 2p1 · p2 + p2 · p2 = p3 · p3 + 2p3 · p4 + p4 · p4 (A.5)
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Note that p1·p1 and p2·p2 are zero and the angle between the direction of propagation
of the photons is θ.
p1 · p1 = E
2
1
c2
(1− nˆ1 · nˆ1) = 0
p2 · p2 = E
2
2
c2
(1− nˆ2 · nˆ2) = 0
p1 · p2 = E1E2
c2
(1− nˆ1 · nˆ2) = E1E2
c2
(1− cos θ) (A.6)
p3 · p3 = p3 · p4 = p4 · p4 = m2c2 (A.7)
Putting the pieces together
2E1E2
c2
(1− cos θ) = 4m2c2
E1E2 =
2m2c4
(1− cos θ) (A.8)
For a photon-photon collision to occur the minimum threshold for the product of
photon energies must be for a head on collision where θ = pi.
E1E2 =
2m2c4
(1− cospi) =
(
mc2
)2 (A.9)
= (511 keV)2 = .26 TeV (A.10)
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Appendix B
Data on ∆mB15 and galaxy Hubble type
Data used for Galaxy type as a function of decline rate parameter, ∆mB15.
Galaxies that harbored subluminous or superluminous are labeled as underluminous
(u) or overluminous (o).
SN Galaxy Type Number dM(B)15 luminous
1960F NGC 4496 SBc 9 0.87
1972J NGC 7634 SB0 3 1.45
1974G NGC 4414 Sc 9 1.11
1980N NGC 1316 Sa 5 1.3
1981B NGC 4536 Sc 9 1.13
1982B NGC2268 Sc 9 0.94
1982G NGC 4753 I 10 1.3
1986G NGC 5128 E 1 1.73 u
1989B NGC 3627 Sb 7 1.31
1990af Anon 2135-62 SB0 3 1.59
1990N NGC 4639 Sb 7 1.05
1990O SBa 5 0.94
1990T Sa 5 1.13
1990Y Anon 0335-33 E 1 1.13
1991ag IC 4919 SBb 7 0.87 o
1991bg NGC 4374 E 1 1.93 u
1991S Sb 7 1
1991T NGC 4527 Sb 7 0.94 o
1991U IC 4232 Sc 9.1 1.11
1992A NGC 1380 S0 3 1.47
1992ae E 1 1.3
1992ag ESO 508-67 S 2 1.2
1992al ESO 234-69 Sc 9 1.09
1992aq Sa 5 1.69
1992au E 1.2 1.69
1992bc Sab 6 0.9 o
1992bg Sa 5 1.15
1992bh Sbc 8 1.13
1992bk E 1 1.67
1992bl ES0 291-11 SBa 5 1.56
1992bo ESO 352-57 Sa 5.3 1.69
1992bp E/S0 1 1.52
1992br E 1.3 1.69
Continued on next page
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Table B.1 – continued from previous page
SN Galaxy Type Number dM(B)15 luminous
1992bs SBb 7 1.15
1992J E/S0 1.4 1.69
1992K SBb 7 1.94 u
1992P SBa 5 1.05
1993ag E/S0 1.1 1.3
1993ah S0 3.1 1.45
1993B SBb 7 1.3
1993H ESO 445-66 pec 10 1.69
1993L IC 5270 Sc 9 1.47
1993O E/S0 1 1.26
1994ae NGC 3370 E 1 0.87 o
1994D NGC 4526 S0 3 1.31
1994M NGC 4493 E 1 1.45
1994Q PGC 59076 S0 3 0.9
1994S NGC 4495 Sab 6 1.02
1994T PGC 46640 Sa 5 1.45
1995ak IC 1844 Sbc 8 1.45
1995al NGC 3021 S 2 0.89 o
1995bd UGC 3151 S 2 0.88 o
1995D NGC 2962 S0/Sa 4 1.03
1995E NGC 2441 SBc/Sc 9 1.19
1996bo NGC 673 Sc 9 1.3
1996C MCG +8-25-47 Sa 5.1 0.94
1996X NGC 5061 E 1 1.32
1996Z NGC 2935 SBb 7 1.22
1997bp NGC 4680 SBc 9 0.97
1997bq NGC 3147 Sb/Sc 8 1.01
1997br ESO 576-40 Sc 9 1.03 o
1997cn NGC 5490 E 1 1.9 u
1997cw NGC 105 Sa 5 1.02 o
1997do UGC 3845 SBb 7 0.99
1997dt NGC 7448 Sc 9 1.04
1997E NGC 2258 S0 3 1.39
1997Y NGC 4675 SBb 7 1.25
1998ab NGC 4704 SBb 7.1 0.88
1998aq NGC 3982 S 2 1.12 o
1998bp NGC 6495 E 1 1.83 u
1998bu NGC 3368 Sab 6 1.15
1998de NGC 252 S0 3 1.94 u
1998dh NGC 7541 Sc 9 1.23
1998dk UGC 139 Sc 9 1.05
1998dm MCG -01-4-44 Sc 9 1.07
1998dx UGC 11149 E 1 1.55
1998ec UGC 3576 SBb 7 1.08
1998ef UGC 646 SB 3 0.97
Continued on next page
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Table B.1 – continued from previous page
SN Galaxy Type Number dM(B)15 luminous
1998eg UGC 12133 Sc 9 1.15
1998es NGC 632 S0 3 0.87 o
1998V NGC 6627 SBb 7 1.06
1999aa NGC 2595 SBb/Sc 8 0.85 o
1999ac NGC 6063 Sc 9 1 o
1999by NGC 2841 Sb 7 1.9 u
1999c NGC 6038 Sc 9 1.46
1999cl NGC 4501 Sbc 8 1.19
1999da NGC 6411 E 1 1.94 u
1999dk UGC 1087 Sc 9 1.28
1999dq NGC 976 Sb 7 0.88 o
1999ee IC 5183 Sc 9 0.92
1999ef UGC 607 Sc 9 1.06
1999ej NGC 495‘ SB0/Sa 4 1.41
1999ek UGC 3329 Sbc 8.1 1.13
1999gh NGC 2986 E 1.5 1.69
1999gp UGC 1993 Sb 7.2 0.94 o
2000B NGC 2320 E 1 1.46
2000bk NGC 4520 E 1.6 1.69
2000ce UGC 4195 SBb 7.4 1
2000cn UGC 11064 Sc 9 1.58
2000cx NGC 524 S0 3 0.93 o
2000dk NGC 382 E 1 1.57
2000E NGC 6951 SBb/Sc 8 0.94
2000fa UGC 3770 I 10 1
2001el NGC 1457 Sc 9.2 1.13
2001V NGC 3987 Sb 7.3 0.99
2002bo NGC 3190 Sa 5.2 1.13
2002er UGC 10743 Sa 5 1.33
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